With the increasing development of laser accelerators, the electron energy is already beyond GeV and even higher in near future. Conventional beam dump based on ionization or radiation loss mechanism is cumbersome and costly, also has radiological hazards. We revisit the stopping power of high-energy charged particles in matter and discuss the associated problem of beam dump from the point of view of collective deceleration. The collective stopping length in an ionized gas can be several orders of magnitude shorter than the Bethe-Bloch and multiple electromagnetic cascades' stopping length in solid. At the mean time, the tenuous density of the gas makes the radioactivation negligible. Such a compact and non-radioactivating beam dump works well for short and dense bunches, which is typically generated from laser wakefield accelerator.
In this paper, we suggest the utilization of the physical consequence of the collective force in matter (in particular in a plasma) when the deceleration becomes dominantly collective. We shall find that short and dense bunches of electrons and other particles such as positrons are amenable under appropriate conditions to their stoppage over many orders of magnitude shorter distance than the conventional beam dump with solid matter. The needed plasma density is low, so hazardous radioactivation due to individual nuclear collisions can be much less than the conventional beam dump. This compact and safe beam dump becomes more pronounced for beyond GeV particles, since some secondary particles can be generated under this energy region, like muons, which are heavy and need a longer distance for stopping in the condensed matter.
In order to make the accelerator and its associated beam dump system compact and safe, we can marshal collective interaction that can far surpass its magnitude over the conventional individual forces if proper conditions are met. In the present article we focus on the deceleration. However, we regard that there can be a general consideration of overall utilization of collective force for the purpose of beam dynamics in order to make the system far more compact over the conventional methods. Using electric (and sometimes magnetic) fields of collective origin in the plasma, one can focus the electron [1] and ion [2] beams. This is so-called plasma lens. Together with the beam dump using the plasma we shall consider below, we can call these efforts as collective plasma optics.
The paper is organized as follows. To compare with the conventional beam dump, in Sec.
II, we present a review on the stopping power in matter based on the Bohr-Fermi-Bethe-Bloch theory. In Sec. III, we give the stopping power of the collective deceleration for the dense and ultrashort electron bunch, and compare it with the classic stopping power. PIC simulations on the collective deceleration of electron bunch in the underdense plasma are given in Sec. IV.
We find that the deceleration becomes ineffective after a certain distance in the uniform plasma. When that happens, a periodic-structured plasma is proposed to further decelerate the electrons. Moreover, microbunching structure with the period much smaller than the plasma wavelength is developed during the deceleration process. An analytic description is given on the microbunching process and its potential applications are discussed. The final Sec. V draws a conclusion.
II. BOHR-FERMI-BETHE-BLOCH THEORY
The conventional beam dump is designed based on the understanding of the Bohr-Fermi-Bethe-Bloch classic theory on the stopping power in matter [3] [4] [5] [6] [7] [8] [9] . A classic formula given first by Bohr [3] in 1913, and later modified by Bethe [5] and Bloch [6] into a quantum-mechanical formula, which is now universally called the Bethe-Bloch formula [7, 8] of the stopping power (for relativistic electrons in condensed matter), reads
where E is the electron kinetic energy, The dominant mechanism of Bethe-Bloch stopping power is the charged particle interaction with electrons in matter resulting in ionization. The logarithm term within the bracket is around 20 for a broad range of parameters. In Ichimaru's treatment of the Bethe-Bloch formula in plasma [9] , the stopping power is clearly attributed to the part due to the binary collisions and that to the long-ranged collective interaction, where the beam particle is treated as a single test particle. In another word, ( / ) ( / ) ( / ) 
where Z is atomic number. 
III. COLLECTIVE DECELERATION
The usage of collective fields of plasma for particle acceleration was first suggested by Veksler [10] (deceleration in the present context). It may allow interaction to be enhanced above and beyond the single particle level (Eq.(2)) and the linear level of collective field (Eq.(3)) both for the stooping power and for acceleration. With the development of powerful lasers and high-current relativistic electron bunches, the new method of laser (or plasma) wakefield acceleration has been proposed to accelerate electrons by exploiting collective plasma fields, such as by laser [11, 12] and by electron beam [13] .
The wakefield amplitude, when driven at resonance of the plasma wave (medium's collective oscillation's eigenfrequency) by strong ponderomotive force of these drivers, becomes highly nonlinear and grows beyond perturbative theory applicability. It may be only characterized by the nonperturbative limit of the wavebreaking field [11] 
where pe λ is plasma wavelength of the background plasma with the density e n , 0 r is classical electron radius, and Λ is the logarithm term. On the other hand, according to Eq. (2) the ratio of the stopping power due to the individual interaction (short-range) (dE/dx) ind (in a plasma) to that in the conventional solid dump, (dE/dx) ind (in a solid) is n e /n e,m , which is several order of magnitude less than unity. This contributes to the significant reduction of the amount of nuclear activation due to individual nuclear collisions in the plasma dump.
For a typical example with 19 3 10 cm (6)) the collective deceleration by a tenuous gas (which will be quickly turned into ionized plasma by the bunch's impinging electric field) is capable of stopping beams by many orders of magnitude shorter (1/R) than the conventional solid beam dump, and yet the radioactivating hazard is reduced by many orders of magnitude (n e /n e,m ) due to the tenuity of the gas compared to the solid and its consequent binary collision scarcity. We simultaneously accomplish the enhancement of the stopping power and the reduction of the binary collisions both by many orders of magnitude.
In relativistic regimes beyond GeV, in addition to the multiple cascades of electrons, bremsstrahlung photons by the radiation loss generate muon pairs by the photonuclear reaction. The muon fluence is highly peaked in the forward direction. Additional material is needed for stopping them [16] 
where R is given by Eq. (6). In the example of the last paragraph, this ratio takes the value as large as It is also noted that, recently, collective energy loss of an attosecond electron pulse in overdense plasmas is already discussed in Ref. [17] . Here, we focus on a practical design of a beam dump for electron accelerators.
IV. PARTICLE SIMULATION

A. Collective deceleration and saturation
We examine the feasibility of beam dump using collective deceleration in a tenuous plasma, For this we carry out a series of two-dimensional (2D) particle-in-cell (PIC) simulations [18]. As we shall see, our beam dump is highly effective for short and dense beams. Beams from laser wakefield accelerator (LWFA) are in fact very short and dense.
Therefore, we take typical parameters of a bunch from LWFA [19] . The electron bunch has a total charge 50-100pC, and a spherical distribution with diameter of 3 m Fig. 2(c) . In fact, the bunch is already split into three parts and the deceleration saturates in Fig. 2(c) . The total energy evolution is shown in Fig. 3(b) . The remaining energy after saturation is about 25%.
B. Beam dump with structured plasmas
To circumvent the saturation in uniform plasma and further decelerate the bunch, we suggest to employ a structured plasma for phase mismatch control [21] as shown in Fig. 3(a) and Fig .4(a) . Just before the moment when some tail electrons are completely stopped, we replace the uniform plasma by some periodic plasma slabs with vacuum gaps or inserted periodic thin foils in the background uniform plasma. It is expected that those electrons which approach to come to rest can be retained around the vacuum gap or foil, and not trapped in the plasma for acceleration.
In the vacuum gap case, we set the length of the plasma slab the same as the vacuum gap. As expected, Fig. 3(c) shows that a low-energy electron tail is left after the main bunch.
Most of these low-energy electrons have a kinetic energy smaller than 5 MeV. For the electrons less than 10 MeV, they are safer and may not lead to radioactivation. The bunch head cannot effectively be decelerated, because the wakefield is weak on the bunch head.
To check the robustness of the deceleration in the structured plasma, we consider an 
This implies that (i) the shorter the bunch is, the higher the plasma density may be taken and the shorter the stopping length becomes (see Eq. (5)) and that (ii) the denser bunch is more effective (also Eq. (5)). For the structured plasma case the energy loss rate can improve to 90% and be independent of the normalized bunch length. The results in Fig. 3 show that the structured plasma with the vacuum gap can be applicable and robust for a broad range of bunch or plasma parameters. The foil density is 100 times of the background plasma, i.e. , which is typical density of the solid aerogel. As shown in Fig. 4(b) , after a distance of 3mm, 85%
bunch energy is absorbed. Figure 4 (c) shows a low-energy electron tail after the main bunch.
Most of these low-energy electrons have a kinetic energy smaller than 10 MeV. Further deceleration is possible for longer structured plasma or optimized parameters of foil densities and thickness.
In addition, we have also examined the case of positron beam deceleration. We have found that positron bunches may be as well decelerated as electron bunches from our simulation.
C. Microbunching of the decelerated bunch
Simulations also show the electron bunch can develop refined microbunch structure during the collective deceleration. This is illustrated in Fig. 5 for the case of If we neglect the effects of emittance, space charge, and self-magnetic field of the electron bunch, from Eq. (9), we can obtain the envelope equation of the bunch [22, 23] as 
The modulation period of the bunch envelope as a function of ξ is
which decreases with the propagation distance x. For the case of Such a microbunched electron bunch can potentially be a source for coherent radiation or to feed a free electron laser, and its generation requires only a short plasma insertion. Of course, additional investigations on optimum microbunch generation are needed for a practical application in this direction. We notice that there remains some chirp in the period of the microbunches. Since we understand the reason for this in the nonlinear chirp of the betatron frequency, we can utilize this or control it. It is also possible to using this new microbunching mechanism to generate zeptosecond electron pulse train from an attosecond bunch as the status in Ref. [17] . Zeptosecond electron pulse train can be used for a diagnosis tool for ultrafast phenomenon in atom and nuclear physics.
V. CONCLUSION
In conclusion, we have suggested the utilization of the collective deceleration in plasma These conditions are ideally match with the beam characteristics of laser electron accelerators., Thus this technique could eventually benefit the development of the high-energy laser particle accelerator system in quite a unique fashion. Together with other collective plasma optics, we may design compact accelerator and its associated systems with the present collective decelerator.
In principle, the deposited energies from the decelerated beams in the form of organized plasma wakefields, unlike the heat energy in a conventional dump, may be recovered into electricity [24] . This may be return to drive the accelerator, saving the energy. In addition, the microbunching mechanism clarified in this paper may provide a new method for the seeding of the free electron laser and ultrashort (zeptosecond) bunch train generation. 
